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I. INTRODUCTION
To meet the requirement of present and future optical telecommunication and other data transmitting services, considerable efforts have devoted to expanding the usable gain bandwidth and gain coefficient for wavelength division multiplexing (WDM) transmission systems. [1] [2] [3] Rare-earth (RE) ions doped fiber amplifier and Raman fiber amplifier (RFA) are expected to greatly increase the capacity of WDM systems. Compared to RE doped fiber amplifier, RFA has a lot of excellent features. On the one hand, Raman amplification takes place along the length of the fiber rather than discrete locations of the fiber. 4 On the other hand, Raman amplification occurs at any desired wavelength by simply changing the wavelength of the pumping light rather than discrete wavelength. 5 In addition to that, band-broadening and gainflattening are realized in a way not achievable with RE doped fiber amplifiers by multi-wavelength pumping. 5 Since Stolen et al. demonstrated Raman amplification of silica-based glasses in 1970 s, 6 abundant research on Raman amplification was mostly concentrated in silica-based materials because of their low loss. However, the low gain and limited usable bandwidth around 210 cm À1 of these materials stimulated the interest of searching for new materials with the high gain and broad bandwidth. 2 Tellurite glasses are promising candidates for RFA due to their broad Raman scattering bandwidth and high Raman gain. [7] [8] [9] Recently, Raman gain coefficients up to $40 times and bandwidth $1.7 times that of silica glass in the TeO 2 -ZnO-Nb 2 O 5 -MoO 3 system were demonstrated by Jose and Ohishi 10 It was found that several Raman active structural elements such as WO 4 , PO 4 , MoO 6 , and NbO 6 were expected to broaden Raman bandwidth and improve Raman gain. 4, 11 With this background, a detailed study of the thermal stabilities and Raman spectroscopy was carried out in the WO 3 , MoO 3 , and P 2 O 5 modified TeO 2 -ZnO-Na 2 O-Nb 2 O 5 glass system.
II. EXPERIMENTAL
All glasses were prepared from reagent grade TeO 2 , ZnO, Na 2 CO 3 , Nb 2 O 5 , WO 3 , MoO 3 , and P 2 O 5 as the starting materials using a conventional casting method. All glasses of compositions and the abbreviation are shown in Table I . Appropriate amounts of these chemicals ($15 g) were well mixed and melted in a platinum crucible at 900-1000 C for 30 min in oxygen atmosphere. The melts were then quenched on a preheated stainless steel plate and followed by annealing at 350
C for 5 h in order to release the thermal stresses. After annealing, samples for optical and spectral properties measurements were cut into rectangular 30 Â 20 Â 2 mm 3 shapes and polished to optical quality.
Densities of glasses were determined by the Archimedes' principle using the distilled water as the medium. The refractive indices of the samples were measured by the prism coupling method (Metricon Model 2010) at 632.8 nm. The transition temperature (T g ), onset crystallization temperature (T x ), and crystallization temperature (T c ) were determined by a Netzsch STA 449 C Jupiter different scanning calorimeter (DSC) at a heating rate of 10 C/min from 25 C to 700 C under N 2 atmosphere. The Raman spectra were recorded with a Raman spectrometer (RM2000) in the a)
Author to whom correspondence should be addressed. Electronic mail: qyzhang@scut.edu.cn. The values of density (q), refractive index (n) for TZNNW, TZNNM, TZNNWP, and TZNNMP are presented in Table II . It is found that the density of TZNNW and TZNNM increased with increasing WO 3 and MoO 3 contents. This demonstrated that network structures of these glasses became more rigid, which is in favor of improving the glass thermal stability. Additionally, the refractive index of TZNNW increased monotonically with increase of the WO 3 content, whereas the refractive index of TZNNM decreased up to 2 mol. % MoO 3 addition and then gradually increased with higher amount of addition. However, the density and refractive index of TZNNWP and TZNNMP decreased monotonically with the increase of the amount of WO 3 /P 2 O 5 and MoO 3 /P 2 O 5 joint addition due to lower refractive index and smaller molar mass of P 2 O 5 .
Thermal stability is one of the important properties for glasses, especially in fiber drawing. The glass thermal stability can be estimated according to the characteristic temperatures, such as T g , T x , and T c , which are determined from the DSC curves. Two parameters have been frequently used as an approximate estimation of the glass thermal stability, viz., DT ¼ T x ÀT g which represents the temperature interval during the nucleation appearance, 5 and S ¼ (T c ÀT x )(T c ÀT g )/ T g . 12 The larger the values of DT and S are, the better the glass thermal stability is. Generally, a large DT above 100 C will successfully facilitate the fiber drawing. 13 The DSC curves for TZNNW, TZNNM, TZNNWP, and TZNNMP are shown in Figs. 1(a)-1(d), respectively. Meanwhile, the values of T g , T x , T c , DT, and S for TZNNW, TZNNM, TZNNWP, and TZNNMP are listed in Table II . From Fig. 1(a) , it is clear that T g increased with increasing WO 3 content in the glasses, and the value of T g increased from 346
C to 376 C with 15 mol. % WO 3 in place of TeO 2 in the glass. This is attributed to the increase of the mean bond strength and network connectivity.
14,15 Table II and Fig. 2 (a) show that DT and S increased from 113 to 154 C and 5.14 to 7.73, respectively, when WO 3 content was increased from 0 to 15 mol. % in step of 5 mol. %. This can be explained that the glass forming ability improved with the addition of WO 3 in the glass. The values of DT and S and the increase of glass forming ability can be accounted for the enhancement of the amount of WO 4 tetrahedron, formatting a more rigid glass network which is reflected by the increase of the density and refractive index. From Fig. 1(b) , T g increased from 346 to 367 C when MoO 3 content was increased from 0 to 15 mol. % in step of 5 mol. %. In addition, Table II C and 5.14 to 40.56, respectively. The large increases of DT and S are due to an enhancement of the amount of MoO 6 octahedron and the formation of a more rigid and densifying glass network which is demonstrated by the increase of density and refractive index. From Fig. 1(c) , it is noted that T g increased with increasing WO 3 and P 2 O 5 contents in the glass, and the value of T g increased from 346
C to 418 C with 15 mol.% WO 3 and P 2 O 5 in place of TeO 2 due to the formation of polyhedra, such as WO 4 and PO 4 tetrahedra. Moreover, with the increment of WO 3 and P 2 O 5 contents, intensity of the crystallization peak gradually decreased and the peak was hardly observed in the measurement range. Fig. 1(d) shows that T g gradually increased from 346 to 386 C and then decreased to 368 C, when MoO 3 and P 2 O 5 contents were increased from 0 to 15 mol. % in step of 5 mol. %. It is worth noting that with MoO 3 and P 2 O 5 jointly doped in the glasses, the crystallization peak was hardly observed in the measurement range, indicating that this glass system has a very good stability against crystallization. Therefore, the above glass systems, especially TZNNWP15 and TZNNMP10, are desirable for low-loss fiber fabrication in view of the glass thermal stability.
B. Effect of WO 3 on the Raman spectra
As the resonant scattering contribution to the measured Raman intensity due to 514.5 nm excitation can overestimate 
where R(x) is the reduced Raman intensity, x is the Stokes Raman shift (cm
À1
), x 0 is the laser excitation frequency, N(x, T) is the Bose-Einstein factor calculated by [exp(ht/ (2pk B T))À1]
, where h is the Planck's constant, k B is the Boltzmann constant, and T is the measurement temperature (300 K). In addition, to compare the Raman spectra of tellurite glasses with the silica glass, the intensity is normalized to the most intensive Raman band at 440 cm À1 in the silica glass. Fig. 3 shows the reduced and normalized spectra of the silica glass and TZNNW glasses with WO 3 concentration varied from 0 to 15 mol. % in steps of 5 mol. %. It is noted that the Raman spectra show major bands in the low frequency region 200-540 cm
, middle frequency region 540-840 cm
, and high frequency region 840-1200 cm
. The peak A at around 435 cm À1 is assigned to the symmetrical stretching or bending vibrations of Te-O-Te linkages at corner sharing sites. 11, 16 The peak B at around 659 cm À1 is ascribed to the anti-symmetric stretching vibrations of Te-O-Te linkages constructed by two unequivalent Te-O bonds containing bridging oxygens (BO) in TeO 4 trigonal bipyramid (tbp) and the peak C at around 745 cm À1 is due to the symmetrical stretching vibrations of Te-O À and Te ¼ O bonds containing nonbridging oxygens (NBO) in TeO 3 trigonal pyramid (tp) and TeO 3þ 1 polyhedra. 11, 16 In addition to the characteristic peak of the tellurite glass at peaks A, B, and C, the peak D at around 870 cm À1 and E at around 908 cm À1 are assigned to the vibration of Nb and its neighboring nonbridging oxygens in NbO 6 octahedra and the vibrations of W-O À and W ¼ O bonds in WO 4 tetrahedra, respectively. 11, 16 It is worth noting that the intensities of peaks A and B decreased greatly while the intensity of peak C decreased slightly when WO 3 content increased from 0 to ). This drastic change can be accounted for the better merging the Raman bands due to NbO 6 octahedra and TeO 2 with the Raman band due to WO 4 tetrahedra with increasing WO 3 content. The maximum bandwidth of TZNNW glasses is 70% larger than that of silica glass and is broader than that of TBSNbased tellurite glass. 16 The Raman gain coefficient is a very important parameter for Raman fiber amplifier. It can be estimated by the following equation:
where g Rs is the Raman gain coefficient of the sample, I corr is the corrected spectra intensity, n SiO2 and n S are the refractive indices of the silica glass and sample, respectively, and g RSiO2 is the peak Raman gain of silica glass ($1.92 Â 10 À13 m/W) for 514.5 nm pumping and a Stokes shift of 440 cm
. 19 The Raman gain coefficient of TZNNW glasses is presented in Table III . When WO 3 content increased from 0 to 15 mol. %, the Raman gain coefficient decreased from 68.92 Â 10 À13 to 51.68 Â 10 À13 m/W due to the fact that the ratio of TeO 4 trigonal bipyramid to TeO 3 trigonal pyramid decreased which leads to the Raman intensity of major peak (B). The maximum and minimum gain coefficients are $36 and 27 times higher than that in the silica glass, respectively.
C. Effect of MoO 3 on the Raman spectra
MoO 3 was added into the tellurite glasses in the same manner as the WO 3 , and Fig. 4 shows the reduced and normalized spectra of TZNNM with MoO 3 concentration varied from 5 to 15 mol. % in steps of 5 mol. %. It should be noted that all the peaks are corresponding to the same structural units with the peaks in Fig. 3 except for peak E at around 915 cm À1 due to Mo ¼ O vibrations in MoO 6 octahedra. 20 In Fig. 4 , the intensities of peaks A and B decreased while the intensity of the peak C increased when MoO 3 content increased from 5 to 15 mol. %, and the inset of Fig. 4 shows the value of I C /I B increased from 0.84 to 0.93 as well, which indicated the transformation of TeO 4 into TeO 3þ1 and TeO 3 . Table III also shows that the Raman spectral bandwidth at FWHM of TZNNM increased from $252 to $368 cm À13 m/W because of the Raman intensity of major peak (B) declined. The maximum and minimum gain coefficients are $41 and 38 times higher than that in the silica glass, respectively. From the point of the bandwidth and Raman gain coefficient, the TZNNM glasses have more advantages than the TZNNW glasses for the application of ultra-broadband Raman fiber amplifier. À1 occurred in P 2 O 5 doped glasses, which corresponded to the PO 4 tetrahedra. 16 From Fig. 5 and Table III , with the increase of WO 3 and P 2 O 5 content from 0 to 15 mol. %, the bandwidth decreased slightly from 238 to 234 cm À1 and then broadened drastically to 354 cm
À1
, which can be accounted for the better merging of the Raman bands due to NbO 6 octahedra and TeO 2 with the Raman band due to WO 4 tetrahedra. The maximum bandwidth of TZNNWP is similar to that of TZNNW, suggesting that the peak F does not overlap with the peak E. MoO 3 and P 2 O 5 were added into the tellurite glasses in the same manner as the WO 3 and P 2 O 5 , and Fig. 6 shows the reduced and normalized spectra of TZNNMP with MoO 3 and P 2 O 5 concentration varied from 5 to 15 mol. % in steps of 5 mol. %. It was found that the bandwidth increased from 249 to 403 cm À1 with the addition of MoO 3 and P 2 O 5 . The maximum bandwidth of TZNNMP is 1.9 times larger than that of the silica glass and is significantly broader than that of TZNNM, indicating that the peak F is effectively bridging with the peak E and the addition of P 2 O 5 can further broaden Raman bandwidth. From the comparison of Figs. 5 and 6, the Raman intensities of bands E and F are much higher with the addition of P 2 O 5 in TZNNM than in TZNNW, which results in much broader Raman bandwidth, this will be a future direction in searching a material host for ultra-wide Raman amplifier. À13 m/W with the amount of MoO 3 and P 2 O 5 from 5 to 15 mol. % due to the decrease of the glass refractive index. The maximum gain coefficient of TZNNWP and TZNNMP is $36 and 37 times higher than that in the silica glass, respectively. It is worth noting that although the major Raman intensity decreased with higher amounts of P 2 O 5 addition, it will lead to much broader Raman bandwidth. Thus, it turned out that the higher P 2 O 5 doping was beneficial for enhancing the Raman bandwidth. In view of the bandwidth and Raman gain coefficient, the TZNNMP glasses, especially TZNNMP15, are more potential than the TZNNWP glasses for ultra-broadband Raman fiber amplifier.
IV. CONCLUSIONS
In conclusion, compositional effects of WO 3 , MoO 3 , and P 2 O 5 in TeO 2 -ZnO-Na 2 O-Nb 2 O 5 glass system on the thermal stabilities and Raman spectroscopic were systematically studied. The addition of WO 3 or MoO 3 can largely improve the glass thermal stabilities. The maximum DT of TZNNW and TZNNM is $154 and 164 C, respectively. Moreover, with the addition of P 2 O 5 into TZNNW and TZNNM glass systems, the crystallization peak was hardly observed in the measurement range except the TZNNWP5, indicating these glasses has good stability against crystallization. The Raman bandwidth can be broadened by way of increasing WO 3 or MoO 3 content. The maximum bandwidth of TZNNW and TZNNM is 349 and 368 cm À1 , respectively, which are 1.7 and 1.8 times larger than that of the silica glass. In addition, the bandwidth can be further enhanced with the P 2 O 5 doping in the TZNNWP and TZNNMP, especially in TZNNMP. When 15 mol. % P 2 O 5 is added into the TZNNMP glass system, the bandwidth can be broadened up to 403 cm À1 , which is 1.9 times large than that of the silica glass and the Raman gain coefficient is as high as 37 times that of the silica glass. Therefore, the TZNNMP glasses, especially TZNNMP15 glass, would be a promising candidate as a new gain media for broadband Raman fiber amplifier.
